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Environmental Protection Agency 1992).

U . S .
Environmental Protection Agency (EPA) Region 6 has recently proposed issuing a general NPDES permit (NPDES permit number GMG290000 that covers a group of similar dischargers) that would prohibit the discharge of produced water (water and particulate matter associated with oil and gas producing formations) derived from Oil and Gas Point Source Category
Facilities.
A s part of the rationale for establishing permit limits, dilution calculations performed using the CORMIXl model (Cornell axing Zone Emert System -Doneker and Jirka 1990),
indicated that water quality standards for Louisiana and Texas would be exceeded at the edge of the mixing zone for typical produced water discharges (Federal Register 1992) .
The purpose of the present study is to review the use of CORMIXl for performing the EPA dilution calculations and to present comments on the appropriateness of the CORMIXlmodel for discharges of produced water to shallow, brackish, or saline environments. In addition, comments will also be presented on the applicability of using another model, UM/PLUMES (Baumgartner et al. 1993 ).
Initially, UM/PLUMES was the preferred model of the Offshore Operators Committee (OOC) which is composed of about 93 member and associate companies that collectively account for approximately 95%
of oil and gas production in the Gulf of Mexico. With a suggested post-processing technique developed by Limno-Tech, Inc. and Wright (1993) , CORMIXl is now the choice of the OOC.
The comments, conclusions, and recommendations presented in this report are made to ensure that the best available computer program for accurately modeling dilution of the produced water at the edge of the mixing zone is used in the regulatory decisionmaking process. 3.
PRODUCED WATER CHARACTERISTICS
PLUME HYDRODYNAMICS
The hydrodynamics of a plume from continuously discharged produced water can be conceptualized as consisting of two regions.
In the first region (near field), the initial jet characteristics of momentum flux, buoyancy flux, and outfall geometry influence the jet's trajectory and dilution. In the second region (far field), the source characteristics of the jet become less important, and the conditions existing in the ambient surroundings control the trajectory and dilution of the plume through buoyant spreading and passive diffusion (Doneker and Jirka 1990) .
For a single port discharging negatively buoyant fluid (more dense than the ambient water) vertically downward into a stratified ambient fluid (fluid in which density varies with depth) that has an initial velocity field (crossflow), the effluent will initially In effect, the linear stratification of the receiving water traps the flow at a given level and forms an internal density current with moderate additional mixing (Doneker and Jirka 1990 . vertically downward discharge.
Nine computer models were briefly evaluated for applicability to the present problem: UPLUME, UMERGE, UOUTPLM, UDKHDEN, ULINE, CORMIX1, CORMIXZ, UM/PLUMES, and RSB/PLUMES (Limno-Tech, Inc.
1992).
Of these nine models, only two satisfy all of the above conditions: CORMIX1, and UPII/PLUMES. A discussion on the capabilities of these mixing models is given in the next section. 
MIXING MODELS
CORMIXl
The Cornel1 Mixing Zone Expert System (CORMIXl) software was developed to predict the dilution and trajectory of a submerged single-port discharge of arbitrary density (positive, neutral, or negative) into a stratified or uniform density ambient environment with or without crossflow (Doneker and Jirka 1990) . To accomplish this objective, a systematic dimensional analysis is performed to define the problem and to provide first-order approximate, asymptotic solutions to describe the jet's characteristics (Wright 1977) .
A s part of the CORMIXl package, an expert system is provided.
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This expert system is designed to provide the following features:
. assurance that t h e proper model has been selected for the physical application;
. assurance that the chosen model is applied methodically, without skipping essential elements;
. flexible application of design strategies for a given point source, screening of alternatives, and , if necessary, switching to different predictive models thus avoiding rigid adherence to a single model;
. flagging of borderline cases for which no predictive model exists ;
. continuous updating of the knowledge base as improved models, experimental data, and field experience with particular designs become available;
. a documented analysis listing the knowledge and decision logic that lead to solution of the problem;
. a common framework whereby both regulators, applicants, and the scientific community can arrive a t a consensus on state-of-theart hydrodynamic mixing and pollution control;
. zones; and . pollutant concentrations at the specified regulatory mixing a teaching environment whereby the initially inexperienced analyst gains physical insight and understanding about the initial mixing process (Doneker and Jirka 1990) .
At the present time, In the far field, one or two mixing processes can occur, depending on the characteristics of the discharge (Doneker and Jirka 1990 ).
In the general case, the discharge will contain sufficient buoyancy to create buoyant spreading followed by a passive diffusion region. The region of buoyant spreading is characterized by dynamic horizontal spreading and gradual vertical thinning while the flow is advected by the ambient current. In the passive diffusion region, dilution is controlled by turbulent mixing caused by the ambient water. In CORMIX1, the region of passive diffusion uses the " 4 / 3 diffusion l a w " characterized by Fischer et al. (1979) to obtain average plume dilutions.
. 2 uM/PLuMES
The UM/PLUMES model is a revision of the original EPA sponsored programs UMERGE, UPLUME, and UDKHDEN which are a suite of programs developed to analyze the dilution of municipal wastewater discharges (Flow Science 1993). The UM portion of the package is an enhancement of the UMERGE model, and runs as part of the PLUMES interface. Specific enhancements added to UMERGE include treatment of negatively buoyant plumes, non-zero background pollutant concentrations, and far field diffusion using the " 4 / 3 Power Law"
and constant eddy diffusion (Limo-Tech, Inc. 1992).
-
In the UM/PLUMES model, a Lagrangian formulation of the governing equations for a deflected jet in a crossflow is used to predict the motion of the discharged effluent; entrainment is modeled using a combination of the Projected Area Hypothesis (PAE) (Cheung 1991) and the traditional Taylor hypothesis (Morton et al. 1956 ).
Overall, the following entrainment processes are incorporated in the model: aspiration (shear or Taylor entrainment which is present even in the absence of current), forced entrainment (mass invected into the plume due to the presence of current), and turbulent or eddy diffusion (only important beyond the zone of initial dilution).
The model includes statements of conservation of mass, momentum, and energy. In modeling the expanding jet, the element mass is incremented by the amount of fluid that flows over the outside boundary of the plume element in a given time. The PAE methodology guarantees that excessive or inadequate amounts of entrainment are not inadvertently introduced into the solution (Baumgartner et al, 1993) .
In a similar fashion, horizontal momentum is conserved.
Vertical momentum is not conserved, in general, because it is changed by buoyancy effects. Energy is conserved by adding an amount of energy equal to the product of a constant specific heat, the entrained mass, and the ambient temperature. Results from energy conservation are used with an equation-of-state to obtain densities of fresh and sea water in salinity and temperature ranges that are representative of terrestrial and coastal waters. The algorithm for calculating density from salinity and temperature may not be accurate for conditions existing in the produced discharges (Flow Science 1993). However, the inaccuracy has a maximum value of approximately 7% over ranges that extend to 260 ppt and 100' C (Brandsma 1993b) . As a practical matter, this difference in density would have little effect on plume dynamics, especially once the plume has been diluted by a-factor of 2 or 3, which would typically occur within seconds after discharge from the port.
For the UM/PLUMES model, the range of densimetric Froude numbers, F, is from 0 to 30, consistent with municipal wastes (Teeter and Baumgartner 1979) . The densimetric Froude number relates inertial to buoyancy forces within the plume (Fischer et al. 1979) . That is:
where Q is the volumetric rate of prOduceL water discharge, A is the cross-sectional area of the discharge port, 6 p is the density difference between the produced-water discharge and the ambient water, g is the gravitational constant, p is the density of the produced water, and d is the mean depth of the water, For high values of F , inertial forces dominate buoyancy. A pure plume (buoyancy only) has an F value of zero; a pure jet (no buoyancydensity in the produced water is equal to the density of the ambient) has an F value of infinity (Doneker and Jirka 1990) . For the range of densimetric Froude numbers encountered in the produced-water discharges, the plumes can be described as buoyant jets or forced plumes, reflecting the fact that buoyancy and inertia both play an important role in plume dynamics. Because the densimetric Froude number forthe produced waters rarely exceeds 30 (Brandsma 1993b) , the applicability of the model is ensured.
In the far field, minimum dilution is estimated using the method of Brooks (Fischer et al. 1979 ). This method is well established and is usually referred to as the " 4 / 3 Power Law." In functional form, the dilution factor, C J C , is given by the following expression (U.S. Environmental Protection Agency 1993):
where : H = width of the collapsed plume A = 4 / 3 Power Law dispersion coefficient = 0.000453 mm/s t = travel time from the end of impingement zone to 100 m and erf = the error function given by Abramowitz and Stegun (1972) as:
If the discharge impinges on a surface (either free water or seafloor)., the calculation is terminated; the governing equations do not include this process. A warning message is, however, printed indicating that the calculation was incomplete.
.
Discussion
Single-port discharges of produced water into Gulf Coast waters create unique modeling conditions including negatively buoyant discharges into a stratified ambient with crossflow, produced discharge water having potentially high temperature and density, impingement on the seafloor or pycnocline, gravitational collapse, buoyant spreading, and passive diffusion. To date, o n l y a limited quantity of reliable experimental data is available to validate either of the existing numerical mixing models, CORMIXl and UM/PLUMES. However, even without validating data, it is clear that neither model was specifically designed to simulate all of the important processes associated with the discharges. To reconcile the above underestimated dilution with CORMIXl, a method was developed by Limno-Tech, Inc. and Wright (1993) . The following three steps are implemented for this procedure:
1.
CORMIXl is run for the conditions in the area for the permit, and the average dilution at the end of the impingement region ( S ) , the calculated plume width (H), and the downstream distance where the impingement area ends (x) are found.
2. The far-field dilution factor, C J C , is evaluated using the
3.
The total dilution at loo m is defined as the product of the near-field dilution factor, S , found in
Step 1 The second mixing model, UM/PLUMES, solves the governing equations for mass, momentum, and energy for a deflected jet in a crossflow using a Lagrangian approach; less empiricism is required than in COFWIX1.
In addition, with connection to PLUMES, rapid analytical evaluations of plumes can be performed for probabilistic assessments.
A number of problems face the analyst when using UM/PLUMES for simulating the discharge of produced water. First, the density of the calculated plume may be incorrect near the discharge port because the salinity/temperature algorithm incorporated in the model has a limited range of applicability. This problem is not important once the plume has been diluted by a factor of 2 or 3 , usually within the first few seconds after discharge from the port.
The second problem with employing UM/PLUMES occurs if the plume impinges on the seafloor; the code terminates its calculations with a warning message. At this point, hand
calculations can be performed to extrapolate the results to the 100-meter boundary of the mixing zone (Brandsma 1993a) . These additional calculations require care and familiarity with plume hydrodynamics to produce a defensible value at the boundary of the mixing zone.
Finally, the UM/PLUMES model does not have a capability for predicting gravitational collapse of the plume, thus the potential dilution can be overestimated.
RECOMMENDATIONS
The following section summarizes recommendations based on the analyses and discussion presented in this report. . To avoid overly conservative dilution calculations with the CORMIXl model, the post-processing procedure developed by LimnoTech, Inc. and Wright (1993) should be implemented.
Recommended Additional Model Development
Because neither of the two mixing models was specifically designed to simulate vertically downward negatively buoyant discharge into a stratified ambient with crossflow, gravitational collapse, and impingement on the seafloor, a number of code modifications could significantly enhance their capabilities and reduce uncertainties in predicted plume behavior. These modifications are discussed below.
CORMIXl
The following additional work should be performed for CORMIX1:
. Incorporate a methodology for dealing with discharges that result in flow conditions that are less than full at the port.
. Incorporate a flow class capable of directly simulating vertically downward discharge of a negatively buoyant effluent.
.
Incorporate smooth transitions between potential flow
This modification can include techniques associated with regimes. fuzzy composite programming (Kaufmann and Gupta 1988) .
. Incorporate the effects of boundary-layer formation, bottom friction, and shear stress on lateral jet spreading after impingement with the seafloor.
. Incorporate the post-processing methodology developed by Limno-Tech, Inc. and Wright (1993) .
. Provide additional documentation on validation studies for the flow classes included in the model.
7.2.2
UM/PLUMES
The following additional work should be performed for UM/PLUMES :
. Modify the salinity/temperature algorithm in UM/PLUMES to include a larger range for conditions in and near the discharge port.
. Incorporate logic to extrapolate plume characteristics to the boundary of the mixing zone once the jet has impinged on the seafloor -. Incorporate logic to account for gravitational collapse of the plume.
Recommended Additional Field or Laboratory Studies
Because there is only a limited amount of data for performing model validation, additional laboratory or field studies are recommended, especially for plumes that impinge on the seafloor or undergo gravitational collapse.
